As pointed out by William James, "the consciousness is a dynamic process, not a thing" 1 , during which short term integration is succeeded by another differentiated neural state through the continual interplay between the environment, the body, and the brain itself. Thus, the dynamic structure underlying successive states of the brain is important for understanding human consciousness as a process. In order to investigate the dynamic property of human consciousness, we developed a new method to reconstruct a state space from electroencephalogram(EEG), in which a trajectory, reflecting states of consciousness, is constructed based on the global information integration of the brain. EEGs were obtained from 14 subjects received an intravenous bolus of propopol. Here we show that the degree of human consciousness is directly associated with the information integration capacity of gamma wave, which is significantly higher in the conscious state than in the unconscious state. And we found a new time evolutional property of human consciousness. The conscious state showed a lower dimensional dynamic process which changed to a random-like process after loss of consciousness. This characteristic dynamic property, appeared only in the gamma band, might be used as an indicator to distinguish the conscious and unconscious states and also considered as an important fact for the human consciousness model.
information integration capacity of gamma wave, which is significantly higher in the conscious state than in the unconscious state. And we found a new time evolutional property of human consciousness. The conscious state showed a lower dimensional dynamic process which changed to a random-like process after loss of consciousness. This characteristic dynamic property, appeared only in the gamma band, might be used as an indicator to distinguish the conscious and unconscious states and also considered as an important fact for the human consciousness model.
We have developed a new method to reconstruct states of human consciousness, using EEG recorded from surface electrodes: the reconstructed trajectory in a state space reflects the time evolutional change of global information integration underlying neural events during consciousness.
This method is based on two hypotheses, which link neural activity and human behavior. First, the combinational pattern of specific brain functions reflects a state of consciousness, and second, a specific brain function can be estimated by a causally independent sub-cluster of EEG, which is determined by the minimum information bipartition(MIB) method 2, 3, 4, 5 .
The MIB method defines a subset, called 'complex Φ ', which is determined by searching out the minimum information bipartition among all possible bipartitions for the elements, given a subset of elements in a system. The value of Φ is defined by the effective information across the informational weakest link of a given set and is associated with the amount of information it can integrate(Methods).
As applied the MIB method to multi-channel EEGs, various EEG complexes, each of which consists of coherent EEG channels, are produced. Here, an EEG complex, with 0 > Φ , corresponds to a specific brain function, and is the locus at where information is integrated 2,3, . In order to construct a state space and a trajectory in this state space, each type of EEG complexes set as an axis of the state space, and the value of complex, ) (i Φ , as the coordinate value of the axis. Fig. 1(a) and (b) show how to construct the state space from EEG: Fig. 1(a) presents three representative EEG complexes, determined by the MIB method, while Fig. 1(b) presents the point reconstructed by the three EEG complexes. We segmented the EEG into 500 ms long windows, overlapping by 400 ms, with the window size set to cover the time unit of cognitive binding 6 . The 30 top ranked EEG complexes in each window were selected based on the need for at least 18 EEG complexes to reconstruct the proper trajectory, as described in the calculation of the correlation dimension. The total number of axes was determined by the number of different types of EEG complexes found over all EEG recording periods. Fig. 1(d) shows the sequences of the three EEG complexes selected from a subject. And Fig. 1(e) and 1(f) shows a state space and the decomposed space by the singular value decomposition method to make the axes orthogonal. Fig. 1(c) shows the two trajectories, which present different dynamics of different EEG complexes.
This reconstruction method was applied to the EEGs recorded from 14 subjects. Loss of consciousness was induced by an intravenous bolus of propofol 2 mg/kg (Diprivan®, AstraZeneca, London, UK). For 5 minutes prior to the injection of propofol, EEG was recorded from 8 monopolar channels(Fp1, Fp2, F3, F4, P3, P4, T7, T8, referenced by A2) with a sampling frequency of 256Hz as a baseline(Method). Following the administration of propofol, EEG was recorded continually for up to 10 minutes. A notch filter and 0.5-70Hz band-pass filter were applied to EEG. Three minute segments of noise free EEG were selected in the conscious and unconscious states( Fig. 2(a) ).
The information integration theory suggests that consciousness corresponds to the capacity of a system to integrate information 2, , and the theory strongly has predicted that the capacity should be much higher during waking and REM sleep than during the deep stages of slow-wave sleep 7 . To justify the expectation of the theory, we calculated the mean information integration capacity, Φ , of the subjects in the conscious state and the unconscious state. we defined it as the mean value of the complexes used for constructing the state space and analyzed it in various spectral bands of EEG such as delta(0.5-4Hz), theta(4-8Hz), alpha(8-13Hz), beta(13-35Hz), gamma(35-55Hz) and whole frequency band(0.5-55Hz). Consequently, we found that the degree of human consciousness well corresponded to the degree of the information integration capacity of the gamma band( Fig. 2(b) ). The other bands also showed significant, but relatively less than that of the gamma band, changes of the mean information integration capacity, in which the delta and the alpha bands were reduced, on the contrary, the whole frequency band was increased after loss of consciousness( Fig. 2(c))(delta(p=0.005), theta(p=0.1), alpha(p=0.005), beta(p=0.07), gamma(p=0.00012) whole frequency band(p=0.005), Wilcoxon signed rank test). This result directly supports the hypotheses 8, 9, 10 , that the gamma band plays an important role in global information integration of the brain and that the capacity of information integration of the brain is associated with the degree of consciousness. As a conventional method 11 , the mean phase synchrony of the gamma band showed a tendency of decreasing after loss of consciousness, but it was not significant(mean ± s.d.: . This result suggests that the mean information integration capacity of the gamma band is more useful to quantify the degree of human consciousness. The brain is a self-organizing system that is capable of balancing the contrasting requirements of stability and plasticity by operating in a state of metastability. A metastable system can manifest a state that is quasi-state and it can also flexibly switch to another state in a state space 12, 13 . In this letter, we investigated how the metastable brain states are transited temporally and whether there are characteristic time evolutional properties of the conscious and the unconscious states. To do this, we reconstructed the trajectories, the time evolutions of the combinational patterns of specific brain functions, with EEG complexes. And to quantify the dynamic structures of the trajectories, the correlation dimension was calculated by using the Takens estimation(Method) 15, 16 . Fig. 3 presents that the conscious and the unconscious states have apparently distinctive dynamic properties in the temporal evolution of the brain state. In Fig. 3(a) and (b) , the correlation dimension of the gamma band EEG in the conscious state(blue square) has a flat region, saturating from around 15 of the embedding dimension, which indicates a lower dimensional structure of the trajectory. In contrast, the correlation dimension of the unconscious state(red square in Fig. 3(b) ) is not saturated until the end of the embedding dimension, suggesting that the actual correlation dimension would be much higher or random. The mean correlation dimensions of the trajectories, constructed by the gamma band EEG, in the conscious and the unconscious states are significantly distinguished from 18 of the embedding dimension(p<0.01, Wilcoxon signed rank test, the inset of Fig. 3(b) ). This characteristic dynamic property of the gamma band EEG appears in ten out of fourteen subjects. And such a lower dimensional dynamic property appears only on the gamma band EEG, not found in the other spectral bands (Fig. 3(c) ). To test the significance of these results, we applied the surrogate data test, which randomly shuffled the elements of each axis in the reconstructed space(Method). The original data could be clearly distinguished from the surrogate data set from around 15 of the embedding dimensions (Fig. 3(d) ), indicating that the human brain functions are not completely random and they may have certain inner-structures. And this test also showed that the lower dimensional dynamic structure was not due to the finite length of trajectory but due to the correlation of trajectory.
In conclusion, we have shown that the degree of human consciousness is directly associated with the information integration capacity of gamma waves and the result also agrees well with the expectation of the information integration theory. And we found a new property of the time evolution of the state of consciousness in the human brain. The time evolution of the state of consciousness followed a lower dimensional process in conscious state, while a random-like process in the unconscious state.
The neuroanatomic structure of the human brain has a scale-free network structure, which has fractal properties 17, 18 . Thus, when the global cognitive information is integrated in such an anatomic structure, the functional property of cognitive information integration would have fractal attributes in the spatial integration 19 . Furthermore, a state of consciousness, which may contain a spatially fractal structure, is succeeded by discrete and relatively stable other structures through rapid transitive process. It has been postulated that the transition process is carried out under the metastable process, by which the individual parts of the brain are coordinated autonomously and changed adaptively interplaying with the ever-changing environment 20 . The lower dimensionality of the trajectory constructed with global gamma waves indicates containing of a temporal correlation in the transition process, therefore, it could be estimated that a state of consciousness is organized with a specific spatio-temporal structure of gamma waves in the brain and such global spatio-temporal organization of the cognitive information may be constructed under the context of the past state and the expectation for the future state. It is a characteristic dynamic property of human consciousness.
In contrast, as consciousness fades, communication between different parts of the cerebral cortex breaks down 21 and this breakdown may cause the loss of the scale free attribute in the spatial information integration. The destruction of the shortcut between distant cortical areas also reduces global information integration capacity, giving rise to a loss of brain adaptability to the external stimuli on various scales 22, 23 . And the destruction of the lower-dimension structure indicates the destruction of temporal correlation of the present structure with the past's in the transition process of the brain states. The breakdown of the spatiotemporal organization of the cognitive information is a characteristic property of human unconsciousness.
These dynamic properties of the human brain would be taken into account as important constraints for more realistic human consciousness model, and could be used as an indicator for defining the conscious and the unconscious states. Moreover, the reconstruction method of the state of consciousness, even though the limitations inherited from the MIB method such as the difficulty to increase the number of channels and the assumption of the Gaussian random noise in the calculation of the effective information with EEG, may provide new insights into future studies for various states of human consciousness, such as wakefulness, sleep and coma, in dynamic viewpoint.
METHODS SUMMARY
Subjects. All subjects gave their informed consent to participate in this study, which was approved by The upper cutoff distance, 0 R , which is the unique parameter, is set at 5% of the standard deviation of the values of the highest ranked complex through searching the parameter region. As the core algorithm for the correlation dimension, we used the MATLAB file, ``takens estimator.m'', provided by TSTOOL(http://www.dpi.physik.uni-goettingen.de/tstool).
Surrogate data test. The 28 samples of surrogate data were generated from the EEGs of 14 subject(two per subject), and the Takens estimation of dimension under the same conditions as used for the original data was calculated.
Full Methods are available in the supplementary information. 
